Crystal field analysis of the energy level structure of lithium yttrium fluoride doped with trivalent dysprosium was performed. Assignment of absorption lines in experimental spectrum of absorption was made in a wide spectral region: from IR to UV. Crystal field parameters for the whole series of trivalent rare earth ions in LiYF 4 crystal were obtained. The values of the intermediately coupled Lande g-factor were calculated and used to estimate the EPR g-factors g k , g ? for LiYF 4 :Dy 3þ .
Introduction
Fluoride crystals are widely used as luminescent and laser materials operating in a wide spectral domain: from IR to UV regions. [1] [2] [3] [4] [5] [6] Among these materials, lithium yttrium fluoride LiYF 4 (YLF) is of a special interest due to its specific features, namely: wide transparent range (from 0.15 to 7.5 mm), low value of induced nonlinear refractive index, and optical, thermal, and radiation stability. The YLF crystal has the scheelite structure; 7) its space group is I4 1 =aðC 6 4h Þ.
8)
Trivalent rare-earth ions substitute for trivalent yttrium at the position of tetragonal (S 4 ) symmetry. This substitution does not require any charge compensation, and, as the result, the host lattice is not disrupted significantly. The IR part of the absorption and luminescence spectrum of YLF:Dy 3þ has been studied in, 9, 10) and the visible and UV spectra of the same crystal have been analyzed in. 11) In this paper we present crystal field analysis of the energy level structure of Dy 3þ in the YLF crystal, in comparison with experimental spectra of absorption, and estimate EPR gfactors g k , g ? for LiYF 4 :Dy 3þ using results of crystal field calculation.
Energy States of a Free Dy 3þ Ion
The Dy 3þ ion has 9 4f -electrons, electrostatic interaction between which results in 73 LS terms: 3 spin-sixtets, 24 spinquartets, and 46 spin-doublets. The ground term, according to the Hund's rule, is the 6 H term. Spin-orbit interaction splits 73 LS terms into 198 JJ manifolds with quantum number of the total angular momentum J varying from 1/2 to 23/2.
We use the common Hamiltonian for description of the optical properties of rare-earth ions with N electrons in 4f shell: 12) H ¼ H 0 þ X k¼0;2;4;6
i¼2;3;4;6;7;8
The first term in eq. (1) H 0 represents the spherical part of a free ion Hamiltonian and can be omitted without lack of generality. F k are Slater parameters and f is the spin orbit interaction constant; f k and A SO are the angular parts of electrostatic and spin-orbit interactions, respectively. Twobody correction terms (including Trees' correction) are described by the third, fourth, and fifth terms, correspondingly, whereas three-particle interactions (for ions with three or more equivalent f electrons) are represented by the sixth term. Finally, magnetic interactions (spin-spin and spinother orbit corrections) are described by the terms with operators m h and p f . Effects of crystal field (if an ion is embedded into a crystal or glass) give rise to the last term in eq. (1), which will be defined in details in the next section. Matrix elements of all operators entering eq. (1) can be taken from. 13, 14) To find energy levels of a rare-earth ion in a crystal field, diagonalization of a free ion Hamiltonian (with H CF ¼ 0) should be performed as the first step. It will allow not only for getting free ion energy level structure, but for estimation of a number of physical properties (Lande g-factror and magnetic susceptibilities, for example), influenced by spin-orbit interaction, as well. Spin-orbit interaction mixes wave functions with different quantum numbers of L and S but with the same values of J into the following linear combination:
where the wave functions from the basis set are denoted by j4f N SLJi, and the coefficients of their linear combination by CðSLÞ. If the ''pure'' g J -factors for all LS terms, contributing to the wave function of J-manifold, are calculated from the definition
then the ''intermediately coupled'' g-value can be evaluated from the following equation: 
Results of free Dy 3þ energy levels calculations (free Hamiltonian parameters were taken from; 12) 73 functions of all LS terms of Dy 3þ were used as a basis set) are shown in Table 1 . Actually, we calculated all 198 energy levels, but restricted the data in Table 1 by an upper limit of 30000 cm À1 , because of very high density of energy levels above this energy. Getting all energy levels of Dy 3þ can be referred to as an extension of the Dieke's diagram to the vacuum UV region Originally, 15) Dieke's diagram contained energy levels of all trivalent lanthanides until about 30000 cm À1 ; later, when synchrotron radiation facilities became available to investigate UV and vacuum UV spectra, extension of Dieke's diagram until about 80000 cm À1 were reported in. 16) We extend the diagram further, since the last Jmanifold, obtained in our calculation, is 2 F 1 located at 151144 cm À1 .
As it can be seen from the comparison of the leading components of the wave functions, spin-orbit mixing becomes stronger for high-lying levels, and in some cases the energy levels assignment can not be done without ambiguity (for levels No. 23, 29 for example). Obtained eigenfunctions were used for calculation of the reduced matrix elements of unit tensor operators U ðtÞ (t ¼ 2, 4, 6) reported in, 11) which are required for an application of the Judd-Ofelt theory of radiative transitions. Intermediately coupled g-values, which also are given in the last column of Table 1 , will be used in Section 4 for an estimation of EPR gfactors g k , g ? . 
Here B k q stand for the crystal field parameters, and C k q ðmÞ are one-electron spherical operators acting on the coordinates of the m-th electron. Usually, the B k q 's are treated as fitting parameters, which are defined from fitting of calculated splittings to the experimental spectra. However, there are several models of crystal field 17) which allow for calculating crystal field parameters from crystal structure data. If the local symmetry of an impurity center is S 4 (as it is the case of the YLF crystal), only the following crystal field parameters are not equal to zero: B 18) For the determination of the numerical values of the crystal field parameters we have used ''smoothed crystal field parameters'' approach described in. 19, 20) A point charge model of the form
(B kq ¼ B k q in different notations) is used, where the A kq are irreducible spherical tensor components of the electrostatic crystal field calculated from point charge lattice sums and thus depending significantly on the host. The k are ion dependent, host independent quantities expressed in terms of the linear screening factors and averaged values of the k-th power of the electron radial coordinate. Their numerical values for the entire rare earth series are given in.
19) The separation of the crystal field parameters into two parts opens a possibility to evaluate crystal lattice sums without performing summation over crystal lattice, which is rather tedious. If the values of B kq are known for any two rare earth ions embedded into the same host, the values of the lattice sums can be obtained by dividing the B kq by the appropriate k . The A kq values obtained in this way would be exactly equal to the lattice sums in case the crystal lattice were rigid. Due to differences in ionic radii, lattice deformations for two ions would be slightly different, and both sets of A kq 's would also differ from each other. To smooth the effects of lattice distortions, averaging of these two sets is required. The averaged set of the A kq 's is then multiplied by corresponding k for each rare earth ion, resulting in the smoothed set of B kq for the entire rare-earth series. As it has been stated in, 20) the smoothed crystal field parameters do not give a good accuracy for the ions at both ends of the rare earth series (Ce 3þ , Pr 3þ , Tm 3þ , Yb 3þ ), but produce a quite acceptable agreement with experimental data for all other ions.
To get the smoothed values of the B kq for all rare earth ions in the YLF, we used crystal field analysis of Nd 3þ and Er 3þ ions in the YLF, which had been performed in 21) and, 22) respectively. Obtained values of the smoothed crystal field parameters for the whole series of rare earth ions in the YLF crystal are shown in Table 2 .
Using the values of the crystal field parameters for Dy 3þ in YLF from Table 2 and results of the free ion energy levels calculation from the previous section, energy levels of Dy 3þ in the YLF crystal were found. Crystal field splits each JJ manifold into (J þ 1=2) levels (each of them is doubly degenerated since Dy 3þ is a Kramers' ion), and totally 1001 levels reproduce the energetic structure of the 4f 9 -electron configuration of Dy 3þ in YLF. We did not use truncated basis, as it is usually done for simplicity, 12, 18) and diagonalized the matrix of the Hamiltonian in the complete jJM J i basis with 2002 basis functions. The results of calculations (for the ground J ¼ 15=2 manifold only; listing all the levels would make the table too lengthy) are given in Table 3 . The magnitude of crystal field splitting is 366 cm À1 for this manifold, and remains within the limit of several hundred wave numbers for all other manifolds not listed in the Table 3 . Since the crystal field splitting is significantly smaller than the spin-orbit splitting and can be dominated by vibrational broadening, we used the results of free ion energy levels calculation for the absorption lines assignment in the absorption spectra of Dy 3þ in YLF. Figure 1 shows experimental absorption spectrum of YLF:Dy 3þ taken from, 11) with energy levels assignment based on the data from Table 1 . Since we are using more precise form of the Hamiltonian in this paper (in 11) only electrostatic and spin-orbit interaction were taken into account), assignment of some lines differs from that one given in.
11)

Calculation of EPR Constants
Wave functions É 1 and É 2 of the ground doublet of a Kramers ion can be used for estimation of the EPR g-factors g k , g ? . First-order perturbation formulas of EPR parameters can be written as 23) 
where g J is intermediately coupled value of the Lande factor given in Table 1 . Using wave functions of the ground doublet from crystal reported in. 24) In this crystal, Dy 3þ also replaces Y 3þ ion occupying the site of tetragonal symmetry. The structure of the crystal field Hamiltonian for Dy 3þ in both crystals is the same; therefore, one may expect close values of crystal field splittings and EPR factors for both hosts. Indeed, the authors of 24) give the following values: g k ¼ 1:105ð7Þ, g ? ¼ 9:909ð10Þ for theoretical calculations and g k ¼ 1:104ð1Þ, g ? ¼ 9:903ð5Þ for experimental measurements. Taking into account different values of the crystal field parameters for both crystals and different equations for calculating EPR factors (in 24) the second-order perturbation theory is used, whereas we apply only the first-order theory), the values of EPR factors for YLF:Dy 3þ can be assumed to be plausible.
Conclusion
Complete energy level structure of a free Dy 3þ ion and LiYF 4 :Dy 3þ crystal was defined using common rare-earth ion Hamiltonian. Calculated energy levels scheme corresponds to the Dieke's diagram extended to the vacuum UV region. Lines assignment in the absorption spectrum of YLF:Dy 3þ was done using the leading component analysis of the obtained eigenfunctions. (b) Fig. 1 (a)-(b) . Polarized absorption spectra of LiYF 4 :Dy 3þ crystals at 300 K for IR (a), and UV-VIS (b) spectral domains. 
